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Introduction———

There are now about a dozen methods for generating tunable monochromatic infrared radiation,
These are summarized in Table 1. together with indications of their wavelength coveraqe, resolution,
and power levels. (It should be emphasized that resolution and output pwrr deppnd upon details of
construction and operation and may vary greatly with wavelength and op~rat.inq conditions, so these en-
tries are only approximate. The references have been chosen to give rapid acceks to the literature,
and do not reflect priority of dev~lopinent; review articles have been cited where possible. )-.

.-— -
Table 1. Generation of Tunable Monochromatic Infrared Radiation

-. . .— —
.... —- ... . ... . . . . . Highest
.. . .. ...- .— ..- ... . . . .. . . .. . reported

Wavelength flpproximate p~wer IWla

Device ‘“”. ““ -
resolution ..-

cov:raqe [Ilm] [Cm-1 1-. ~w—— pulsed.—— —-——

T. . .--
:..\-.:+.,..

~emiconductor diode lasers l-b 0.4,34

Gas lasers:
High pressure C02 laser 2,5 9-17
Zeeman-tuned gas lasers5*6 3-9

Rdman scattering process s
Spin-flip Rwnan la%erE,a,5-g 3.0

4.S-6.5
8.7-17
80-12(1

Polariton las~r2~3 16-20. 40-712
Tunable-laser-pumped Raman scattering? 0.8-15

Optical parametric oscillators2*3’5-1~ 0.4-17

Non-linear optical mixinq tachniqu s-
?’5”~it’fw~nce frequency qeneraticm~ s6111 1.1-?5, 52-21Xul

$&
Two-photon mixing mic owave modlJlat.i~?n)5”]7q-11
Fnur. photun mixinq -’b’ ?-31

CohPrent Raman mixiny13 3.3-70

l-li~ccllanmus lasefi:
Color cf,nter laserl-. (’).’3-3.3
}r~p ~lpct.ran lasPr15 3.4

zx 10-6

3 x lo-fi
3x 10-3

R3 ~ 19-,.
3X 10-~
0.1
0.5
0,3

-fl.03
7

10-3 (0.1) 10 (102)

1 lo~ (104)
102 (lo~)
1~-(i
10 (103

i‘!oJ (lfj )

lfJ-3 102 (106)

1(16 (lo--~) (104)
.l~ h

“’cml

----- .- —.------- .— --- -—-—.- ... .....-. —. .. . . . . . ..-. .. . .. . ... .
.a Tynical and (maximum).
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,1; 1. ,’ lml,~,, I , !’. ; n,,,. ., “!..,,,!,1[ ,
,.

.“,’
,,l~n

,,. . ,, .,

1’ ,,, ,.
,, ,,, . ,



the increased tuning r~nge provided iIY :-mall a ~etic fields I,;I–-?>—
(<7 kG) as descrioed by Flicker ad Ner~’son.~g ‘~nce the de-

‘~~?~ ‘--..:

$ired mode has been obtained, the SCL ‘iscurrent tuned by the ‘
output of a ~,lml”Senerator.

The ldser emission is collected by an f/3 ZnSe lens and
focused on the entrance slit of a Spex l-ITI monochromator,
which is used to select a single laser mode and to provide a

[ “7”- ‘ :

CIIN c! u--- “1
coarse frequency calibration. A 700-!+2mechanical chopper
immediately in front of the entrance slit modulates the beam
for detection by a lock-in amplifier. At the exit slit of ‘“7

the monochromator the beam is collimated b.ya second ZnSe
&Q’=~:cT-’”

❑

lens and then divided by a germaniur? bei~msplitter into sample
L#WR

and calibration beams; each of these is focused by a parabol- Fig. 1. Experimental
ic mirror onto a Cu-doped germanium, detector, The sample and SDL spectroscopy.
calibration signals are recorded simultaneously on a two-pen
XYY’ recorder, with the current ramp driving :he X axis.

t’––~J

WHEEL
arrangement “for

interfererkeRelative frequency calibration (i.e.
fringes from a germanium etalon;

, calibration of tuning rate) is provided by
the fringe spacing of such an etalon at normal inc++n-pm is

Aw = l/2h[n - A(dn/dA)l,

where h is the etalon length and n is the index of refraction of germanium at tt,ewav~length A of
measurement. The best current values of n and dn/dA are probably those of Herzberger and Salzberg, 17

but d new and more accurate determination of these quantities would be desirable. There are certain
difficulties associated with the use of germanium etalons: for example, small changes in the angle of
incidence of the SDL beam on the etalon, such as can be expecLed if a imrr-scanning monochromator is
used for mode selection, can ~ffect the fring~ spacing.1~ We now insllre that during each spectral
~c.n the monochromat. grating drive is advanced at a rate that keeps the imaqe of the diode motion-
less at the exit slit. With suitable care, etalons can provide relative frequencies accurate to O.OCI1
{m-l or better; to improve much Ilpon this it will probably be necessary to use heterodyne methods,
which require a more sophisticated level of instrumentation.

Absolute frequency calibration is something of a prob?~ in tuneb?c laser sppctrosco~v. Through-
OiliI:iust Gf :% ‘ frared the only available standards are absorption lines of simple molec~les.
IiJP?+Ctahulation19

The
IS the best source of such data, and it.lists line frequencies with an absolute

a(.curacy of from 0.005 to 0.0002 cm-l, depending on the molecule, over the reqion 1 to :;50 cm-l.
“[!iPtP lin~s ar~ meant for users of grating spectrometers, hcwever, and arc often not spiced as close-
ly a~ wo:Jld be d~sirable for laser spectroscopy.

;~’~~~~”~~c~of ~~i? and

k~cr?ntly t(nGll et al.7U have used SOL’S to,compare
HCN lines in the 1!- to l!i-pm reqion and found that they agree to w~”hin

doubtless ther~ will be further attempts to check and improve the accuracy of molecular.
~h~orptlon standards in the ne~r future.

In th~ ‘7-11 ilmrrqion, very accurate alxolut.e frrquency standards can be ~stablished from the W?
~p~ct,rum. A convt?nicnt arranqemerrt is to place a hiqh-.voltaqe C07,qain cell in t.h~ sampl(? I]c:am,as
\h,lwn in riq. 1. This qiv~s ii$trong incrcasr? in siqnal at. lb posit!ons of t.h~COP las~r frequencies,
whit.h arP I.nwrr with a prrcision of about 30 Iiliz(10-6 cm-1 ).27 Unfo~.tunately, these lines are spaced
by 1.R cm-”l which limits J~eir usefulness. Arldit.ionalhigher-l~vel COP laser bands have been re-
pr)l.t~ctby Ri d and Sirmsen,C and th~se ma,y h~”lp to fill the gaps between th~ principal laser trans_i-
tjt]i15. KIIIY ~.ljchomi”,sion lin~> have rccentl.y h~pn nhs~rvp ~ilat Los Al?rnos usiug a gain cell, and
at,.:lji’lt.rr:r’a<ur~mentsof th~ir frrqllf!nc.ir.sarr in progress.
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We will restrict th~ present discussion to SFL and 0s04. two NolI?- y
7

, <.2~”=’~--

cules that are strong absorbers of C02 laser radiation in the 10.5-\m_r
region. Since th~ discovery of isotonically-selective di>scciation in
SF6 in 1!375, the literature on this subject has grown rapidly. Table 2 3
summarizes references to laser-induced photodissociation and la~.er iso- ~
tope separation (LIS) in SF6 and 0s04 through early 1977. This work, ~
together with the observation JF a wide variety of non-linear optical f
phenomena in both molecules (for references, see 56), has stimulated an ~ ~

$),, fll,NIJl!interest in identifying the exact molecular transitions that are ‘in
1resonance with the various laser frequencies. This has recently been f~ y ~11

b)

h; t
1)

:,
v

acconpli~hed with SOL spectra.

Both 5F6 and 0s04 are highly symmetric, with equilibrium molecular l-Ll-L__Ll_J
s~etries oh (octahedral) and Td (tetrahedral), respectively. Such
molecules exhibit a complex splitting of the individual rotational
manifolds due to tensor perturbations.

Emm.aolwml”
The theory of this band struc- 1

ture was developed in the >arly 1960’s by Moret-Bailly57 and Hecht58 Fig. 2. The P(46) manifoio in
and was applied to the infrared absorption spectra of methane and its V? of 19POS04, recorded with
analogues. Their results for the trequencie~ of transitions in the
P, Q, and R branches can be writtenb9

calibration lines and etalofl.

Table 2. Photodissociation and LIS Experiments on SF6 and 0s04.

MO 1. Topic Reference— .—
SF6 isotope separation

isotope separation
comparison of SF6 with EC13, CF2C1~, Sir ; tk,cory
theory (dissociative electron attachment 7
isotope separation as function of pressure, intensit~’
dissociation by pumping combination bands
theo~y
review article
isotop~ separatic~ as fii~ct~~(l Uf ~il~s~Ul~ dl)Ci “laser parame~~r~

dissociation as function of frequency, power; theory
study of dissociation and enrichment; theory
dissociation by two-frequency pumping
thfory (enharmonic rrscillatorj
isGtope reparation
theory (excitation t~~quasi-continuum]
threshold intensity for dissociation
dissociation by two-fr~!quency pumpirg
theory (anharrnonic si~litting Of excit,~d vit)r”l,innalstates)
saturation
theory
enerqy depende~ce o: rlissociat.ion
isotope s~paration as function of “laser parameter~
thmry
dissociation in a mo”leclilarbeam
dissociation 6V ‘,hnrt,pulse~
di’.’,uci~tionas funrtinn oi cner~~y and ~lt’t’~.’,ur”r?,thmry
~htv~]-y(enharmonic ~plilt.lnclIII~xcitcd villr;wional states)
cli,,iociati;~nrate
Pflri:l of mndP lncliinq on ~catlion yii=ld & i<nlopi(. srlf,(t.ivi~,y
di~\(]ciilLionI.hl)rimodynamics

0’+00, i’.nll>po‘icparlltion
cli’,’,o(,ial.ionI-(]tcds d IIlnc[.ionof l’r~,l(lrncy
di~~clt,i~,li[]nIlv lwofrI’r;LIrnf.yI,lunllinq
di’, f.,o( i,ll lon I1!Jtvl~l-ii’I*tlIIF,ll(.ypllurjiing

,,
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VP, R(J, P) = m +“n~ + pY12 } qM3 + (g - hM + kM2)F(4) (1)

VQ(J, P; = IT + vJ(J+l) + WJ2(J+1)2 ‘ [-2g + uJ(J+1)]7(4) (2)

in dominant approximation, with off-diagonal tetms in the Ham:ltonian neglected. Here J is the total
argular momentJm quantum ntiinber,M = [-J,(J+l)] for [P,R]-branch transitions, p clesiqnates the sub-
level (classified according to its tetrahedral or octahedral symmetry), and T(4) is the product of a
symnetry-adapted fourth-rank tensor operator timr?s a ,1-deper,dentfactor. The first terms in these
equatio’ls are the usual scalar expressions for the manifold frequencies, where m is the band origin,
n = EV+BO+2(BC). , P ~ V

“+
= Bv-BO, etc.; the second ~r tensor portion describes the splitting of the in-

dividual J-manl ol&lnto their various sJmmet.ry-allowed component levels. T(4) will be different fOr
a given component in each of the thr
(J,p) levels uptoJ= ldOby Krohn.

%8 branches-3 values OF F(4) have recently been tabulate+ for all

~ l—~
For methane-type molecules, with small moments of

inertia, observed transitio~s are pretty much limited
to J ~ 15. There was no need to consider larger an-
gular momentum states because the bands of heavier
molecules that exhibit high-J transitions simply ~
could not be adequately resolved before the develop- I ~;
ment of tunable lase~ spectroscopy. As an example of ~
the data that we deal with now, Fig. 3 illustrates a
portion of the P branch :f the bending fundamental V4 fl]w~i ~~ ‘
of CF4, showing the manifold P(54) split into well-
resolved tetrahedral cxnponents.

.J_l~
Sulfur Hexafl~oride. —— —— ,,. ,

_-L+L.~~l--L--lm -m

In 1970 Hinkley61’62 used SDL’S to obtain Dopp- W WI-?

l~r-limited spectra of the V3 band (infrared-activi Fig. 3; pectrum of CF4 between 602.8 and
stretching fundamental) of SF6 in the regions within 60:.0 cm- ?

+1 GHz of the C@2 P(14)-P(24) laser lines. These re-
, showing resolved high-J P-branch

manifolds.
vealed a complex vibration-rotation >tructure in
wh~cil the individual manifolds such as that shzwn in Fiq. 3 were haaiy ~~~iliiPped. l?ecau~c of the
small fraction (--25)of the band covered in th e measurements,
dividual transition>. %3

it was not possible to assign the in-
In 1975 Aldridqe et al. first obtained at Los Alamcs SDL spectra that were

nrarly continuous ov r much of the V3 fundamental
$

In conjunction with this experimental work, Can-
trcll and GalbraithG derived the correct nuclear-spin statistical weights for octahedral XY6 mole-
CUIPS, which are 2,10,!3,6,6 for suh?evels of p = Al,Az,E,~”I,F2 symnetry if the ~-nuclei have
1/2. lhese advances allowed much of the rotational structure to he essiqned. The first stepd~i~~;~
assign Hinkley’s spectra near the C02 P(14), P(18), and P(ZO) lines, which fall in the P and R branch-
es d~ Iiiu~ercIi.e valties ot J [approximately R(N), P(32), and P(59), respective
co? P(115), WI’:LI1 ~ies in the dense Q hrarch of SF6, wa$ suc
hiqh-; rcrji(jnsat CO? P(12\ and P(22) have been identified.

$~ssfu1l.Y assigned
{;a$e~~c~z~l~e~;;n “f

In this last s~ep it wa~ necessary to
consider transitions having J as high as 95.

ThP com~lexity of these spectra can be appreciated by refprence tn Fig, 4, which shows a 0.09-
Clll‘l-wid~ portion of the SF6V3 Q branch centered at C07 P(lEI) (947.741 978 cm-~). All of these llnes
arc? id~ntified in the tiqure; some of the transitions are qrouped into sub-branches which are identi-
fil’d aS QA,f)R.....Q7. Mb won’t go into the nature of the Q-branch structure here, but rpfer instead
to the “,riqinal ilarwr~~ for the meaning of this nomenclature.

Snrnp lrl,(TIotransition havF thus been idcntitied hetw~m fJ4?and 952 cm-l. With these detailed
a:,siqnm~nts availabl~, we could irlenl:ifythe abs rptions in somt?v~r,v-hiqh-resolution saturationq.,spwt.ra rrrrnl.lv ol~tainwl hy Clai:on ~nd tierr.y,()’wllhln ttirgain profiles of the vari(,(lsCO? laser
lin~s. and ill~,]$ll~.dwith an accllr,lcyof 130 KHz (10-~~cm-l) in ahsolutr freqllrncy, A total of 15
line> (7 in t.h~ 1’branch, :]in I,hp~ branch, and 4 in thp R hran~h) WPPP so mea\urFd~8 and have hpen
IJ<P(I i-(: delerminp +,hesp~[’troscopic ~[ln>tani.sof this hand t,ohiqh ~rci:i<inn.hq For this analysis it
wii~ nr(,rs~ary to Include l.hrnildi,lqonal terms that wrrc neflll,cted in [qs, (1) and (2); l.hese c.or-
ro(l ionf wpr~ rna{l~by an il.rl.al.ivpprocedure, and t.h~ final v,llues of the paramekrs were determined
as fnllow< (in cm-l):



Scalar ~ol~stants: m = 947.’3?6 575 9 + 0.0(10 004 3

_____. .—.—-
,,,...--~;- ,.-.-,-!..+ . .-i

Illilllill,
n = 0.0L5 817 60 ‘ 0.000 000 1: -- ... . . ... ... . .‘, ‘...-

!lll~”;:;l!’”!!

“- “ 1

l:iTkmlTJTJJy’”p = (-1.51R 642 : 0.000 022) ~ 11)-4
V = (-6.>93 70 ? 0.000 18) M ?0-5
q = (1.0309 + 0.C038) x 10-S

“’--~~~h~~~i~~~-l”li-i‘:!‘j\jjjll-!JIT ill~lTl ~

Tensor constants: g = (-2.45S 293 ! 0.000 fQ2) x 1135
‘“’j’

‘~‘i-f~Iil!lj.::k~+:~,F”””[--i
“~~;p~

h=(-5.63 f 0.12) x lfJ-~

.’],,~~11i ,,
j ;;:jJ,;;;”l ,-,;:!,.!;

[rif(~l,!

‘1-~,.::;~l.l.l~l
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The standard deviat an for 15 lines was 0.14 MHz = 4.7 x
l(J-6 cm-l. f

I
[ ~ljl~fl~~~:li,:~u;~};fi~J;‘J:;ii!l,)”~:”:’i~i;; 1’

Note that the precision in the band orlqin, m. j’.::
j~ 1

‘1:’1’1 11; IWJ,W:,(~j’\i’;k ~(~ ~~ ij ~i h

is f 4.5 parts in 109, or tibout that o the currently-ac-
cepted value of the velocity of light! Such results were

,mL;d.‘v \q
■ al.wl,~

hey~nd the reach of infrared methods until the development
1.U?7*,.
aa.l~,v

of laser spectroscopy. .l._-_.,y—+T._.-l — -. ~ ._.;..,*_
l/u

L_.7&—.+-l-:.- ‘1
,., .-m

}mti~, ,m. rm m wmIcqi*sm b,m mm-l

The SF6 assignments nea,r the C02 P(12) to P(22) laser Fig. 4. Detail of 5F6 Q-branch absorp-
“Iines are qiven in Table 3, This table also includes a tinn between 547.70 and 947.60 cm-l. The
surrunaryof pulse breaku $ as observed in self-inducef~ SF6 pressure was (a) O torr; (b) 0.1
transparency (SIT).7~-f The immediate application of torr; trace (c) i~ iliE icro.
these results to the non-linear optics experiments ran be
summarized as follows:

(1) The disputed question of whether near-ideal nulse breakup in SIT canncrur on a de~enerate
transition (see the references cited by Gibbs et al.J3) is clearly answered In IFP ail”inatlve by the
reslits a’i. C02 P(12). Table 3 sugqests that pulse reshapinq can he obsew,~ed D:lany P- or R-branch
Sr6 transiti n not accompanied by significant hot-hand absorption,
Gibbs et a“~.73

and thu~ supl~nrts the conclusion of
that breakup requires only a non-overlapping P or R transition, not n~cessarily a non-

degenerate ole.
(2) The hypothesis of appreciable overlap of P a,ld(j trans. “}Jl:ns at CO? P(l!I)-P(22), al,d of R

and Q transitions at CO? P(14), sugqested by Peer and Nordstrom o account fnr th~ir photon echo
polarization measurements, can definitely be rejected.

Table 3. Slmmary of Assiq:ments and Observed SIT Pulse Breakup in SF~,
-. — — -—.-.— ._._ -——- —- .—..—-.— - ----

Ilearest
.—.

SIT results Peak
C07

Ad.iacen~ot-
yrcluid-state De[u(iing ——

lihe
strenqth

SF6 transition [Mtiz168 ‘and “b50~Y;’OnT [Kl Observed pulse breakun [cm-l ~r)rr-l] [cm-ltnrr— --— . ..——— ——-—. _._. .__.. — —.—— . . ..-—..__ -.. ->-.— ..-._——
P(12) t7(G6) A2°+F20+F10+A10 -?3.02 300 Near idea170 o,m -0.03

P(14) R(78) A20 +17.59 .300 Nrar idea170 0.”?4 0,14

P(16) O!M) FIO+F.O+F# -7.24 30G Poor7° o.?!5 ~ ,>.2.
.,.,..4

P(18) P(33) Iizl +6.71 ~oc i“xtremely poor71 [).4? 0.:2
195 ,’lppr~c.iallle72 ?.75 0,14 “

P(20) P(59) A23 +-27.”76 300 ~one7G7~ O, p’? 0.25

p(22) p(s4) AZ1+F23+F13+A11 -+50 300 . . . 0.13 0.23—— .—-— ___ ——-— ..— .-. . . .. .. . . .—— ..-. .-. __ —----- ._. - . . .... _____ . ..-. .- . . . . ,.— . . .. ... . _ ._



?900s, and lg20s species separately, but these studies of narrow Spectralsnectra of the 1870s, 1890s,
regions were not adequate for line assignm~nts to t’emade.

Recently we have recorded at Los Alarms dll of the V3 band of 19~030. (isotopic purity 99.06Z)
with a Nicolet Fourier transfom spectrometer (r~solutior, 0.05 cm-l), and’’have investigated selected
portions of this band in riore detail with SOL’S. The P(f+6) manifold is shown in Fiq. 2; note that it
consists of just seven lines, of which one (the lowest-frequency, or leftmost, on~ in Fig. 2) contains
two components-- a total of eiqht t.ransition~. In contrast, a J = 46 manifold of SF6, Cl{

V
or CF~

contains 39 transitions that group themselves into about 15 resolvable lines (cf. P(5’;) o CF4 in Fig.
3). The reason for the difference is that ox.yqen-ltihas zero nuclear spin, and as a result only rota-
tional levels nf A <Ymmetry exist. Since, cn the dveraqe. only about 2fi:of spherical-top rotat.icilal
levels have Al or Ap synmietiy. z considerable simplification of the spectr!im results for tctroxide
molecules. Note also the large number of unassigned hot-band transitions in Fiq. 2; at 300 K (at
which this spec”crum was recorded), 69% af the 0s04 molecules are excited to vibrational states above
the ground state, resulting in a strong and complex hot-band background. We have since obtained
spectra of 0s04 cooled tp ?45 K (ground-state population 46%),
ference due to hat-band lines.

wiiich significantly reduces the int?r-

The analysis of this band is still in progress, but we have assigned the P and R branches and
now have fim as~ignment$ throughout most of the Q branch. Pr~Ztinmy values for the 1920s04 V3
constants are (in cm-l):

Scalar constants: m = 960.703 t 0.005 Tensor constant: g = (1.12 t 0.02) x 10-5
n = 0.2363 ? 0.0003
P= (-1.74 f 0.05) x 10-4
v = (-1.4 t 0.1) x 10-3

The strongest absorption observ~ by Kompanets et a~.’a in ~g~oso4 was at ~lx)ut +1.5 MHz from
C(IZ P(14). They aswmed that this was a ground-state transition with J = 45, and measured its ~dtu-

ration and pressure-broadening characteristics. OUr measurements (Fig. 2) indicate that this absorp-
tion origin tes from a hot-band transition; the nearest ground-state transition is the P(46) line at

i949.4.!3Lcm- , or at about +150 MHz from C(I2 P(14), well outside the region covered by the saturation
spectra.78 Because of the sparseness of llnes in the 0s04 spectrum compared with that cf, ‘say, SF6,
:&I,.may “.-‘- tilat none of the lines observed ifiside tka gain nrnfilcs ~f the c()~ l~~er emission i: a
transition from the vibrational ground state. Further work on this molecule, ir,cluding intensity
rneasurcments (from which the transition moment can be estimated) and sp~ct,ra of other isotopic
speci~s, is in proqress.
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